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The fossil record of crustaceans as hosts of parasites has yielded three confirmed associations: epicaridean 27 isopod-induced swellings on Jurassic-Recent decapod crustaceans, feminization of Cretaceous and 28
Miocene male crabs possibly caused by rhizocephalan barnacles, and presumed pentastomids on/in 29 Silurian ostracods. Cestode platyhelminth hooks and swellings by entoniscid isopods may be recognized 30 in the future. Relative to 2014, we report an increase of 41% to 124 fossil decapod species with 31 epicaridean-induced swellings in the branchial chamber (ichnotaxon Kanthyloma crusta). Furthermore, 32
using a Late Jurassic (Tithonian) decapod assemblage from Austria, we find (1) no correlation between 33 genus abundance and prevalence of K. crusta, (2) host preference for some galatheoid taxa (as for a mid-34
Cretaceous assemblage from Spain), and (3) a larger median size of parasitized versus non-parasitized 35 specimens for two selected species. The latter result may be caused by infestation throughout ontogeny 36 rather than exclusively in juveniles and/or possible selection for the larger sex. 37 38
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1. Introduction 43 44
Extant crustaceans (or pancrustaceans) act as both parasites and hosts of parasites (e.g., Yamaguti 1963; 45 Cressey 1983; Boxshall et al. 2005; Boyko and Williams 2011; Trilles and Hipeau-Jacquotte 2012; Smit 46 et al. 2014; Klompmaker and Boxshall 2015; Boxshall and Hayes in press) . For this paper, we define 47 parasitism as a symbiotic relationship in which the parasite is nutritionally dependent on the host for at 48 least part of its life cycle and has a negative impact on the fitness of the host (cf. Combes 2001; Tapanila 49 2008) . Over 7000 extant crustaceans are intermediate and final hosts to parasites from diverse clades such  50 as acanthocephalans, cestodes, crustaceans (e.g., copepods, cirripedes, isopods, Tantulocarida), digenean 51 trematodes, monogeneans, nematodes, and protists (e.g., Boxshall et al. 2005; Klompmaker and Boxshall 52 2015; Boxshall and Hayes in press) . Representatives of nearly all to all major clades of crustaceans serve 53 as hosts today, including amphipods, branchiopods, cirripeds, copepods, decapods, euphausiaceans, 54 mysidaceans, ostracods, peracarids, and stomatopods (e.g., Boxshall et al. 2005; Klompmaker and 55 Boxshall 2015; Boxshall and Hayes in press). The impact of parasitism on crustaceans is likely to be 56 enormous, but understudied in the context of whole ecosystems. 57
The fossil record of parasitism involving crustaceans has been reviewed recently (Klompmaker 58 and Boxshall 2015, for crustaceans as parasites and hosts; Haug et al. this volume, for crustaceans as 59 parasites). Three instances of parasites in crustacean hosts have been reported thus far (Fig. 1) . This low 60
number and the fact that the stratigraphic coverage of two of these records is spotty can be ascribed to a 61 combination of the small size of parasites, the low preservation potential of parasites due to their general 62 lack of a hard skeleton, not all parasites leave recognizable traces, and the lack of targeted research. One 63 notable exception is epicaridean isopods, which cause characteristic swellings on decapod crustacean 64 carapaces. This association represents a nearly continuous record since the Jurassic (Klompmaker et al. 65 2014; Klompmaker and Boxshall 2015) , presenting an ideal model system to study various aspects of 66 parasitism through time. 67
The goal of this paper is to re-review the fossil record of crustaceans as hosts of parasites because 68
ample new evidence has been found in recent years. We focus primarily on evidence of epicaridean 69
isopod parasites in decapod crustaceans by (1) presenting a substantially expanded list of infested 70 decapod species and (2) using a vast Late Jurassic assemblage to test the relationship between taxon 71 abundance and infestation percentage, assess host preference, and evaluate the size of parasitized versus 72 non-parasitized specimens for two species. Subsequently, we briefly review the claimed evidence for 73 parasitism of (1) rhizocephalan barnacles in fossil decapod crustaceans, (2) Multiple studies have shown that host density positively affects the transmission rate of parasites. For 182 example, there is a positive correlation between mammal host density across many species and strongylid 183 nematode parasite abundance in modern ecosystems (Arneberg et al. 1998 ). For decapods, host 184
abundance was the best predictor of bopyrid infestation prevalence in modern carid shrimp from Florida 185 (Briggs et al. 2017 ). An Early Cretaceous decapod assemblage from Koskobilo in northern Spain yielded 186 a significant correlation between taxon abundance and epicaridean infestation percentage on the species-187
and genus-levels (Klompmaker et al. 2014: fig. 4A , 4B). These fossil specimens were collected 188 predominantly from the southern wall of the Koskobilo quarry, minimizing the influence of possible 189 spatial and temporal variation. However, they called for more research because of the limited sample size 190 of specimens of many taxa and the fact that the correlation appears driven by one taxon.
191
To address these issues, the latest Jurassicearliest Cretaceous Ernstbrunn coral-associated 192 assemblage (also called the Bachmayer Collection) from eastern Austria ( needed to be preserved to confirm that specimens were not infested, whereas this was not a requirement 202
for specimens with Kanthyloma. Our results show that there is no significant relationship between taxon 203
abundance and infestation percentage on both the genus-and family-levels ( Fig. 5 ). Similar results apply 204 when genus-level data is split into Anomura (n = 6; r = -0.28, two-tailed t-test p = 0.59) and Brachyura (n 205 = 10; r = -0.09, two-tailed t-test p = 0.80). Sample size is not adequate for such analyses on the family-206 level. Decapods from the Ernstbrunn Limestone assemblage were, however, not all collected at the same 207 location or stratigraphic level (Bachmayer 1945 To evaluate host preference for the Jurassic for the first time, the Tithonian Ernstbrunn Limestone 250 decapod assemblage was used again and the same specimen selection criteria as above were used with 251 specimens determined to the genus-level. We studied host preference in a more quantitative framework 252 than was done previously, testing host preference against a null model as described in Smith et al. (2018) .
253
To test for host preference in the entire assemblage, the observed number of infested specimens per taxon 254
was compared to the expected number in the null model (i.e., random distribution) using the Bray-Curtis 255
index of dissimilarity based on 10,000 iterations. Subsequently, preference for individual host genera are 256 assessed using Manly's alpha to identify which genera are more and less frequently infested than would 257
be expected by chance. The results indicate that evidence for Kanthyloma crusta is distributed non-258 randomly across the genera because only 0.05% of the simulated Bray-Curtis dissimilarity values is 259
greater than the observed Bray-Curtis dissimilarity value (Fig. 6A) Nodoprosopon Beurlen, 1928, are less frequently infested than expected by chance ( Fig. 6B) were run on the genus-and species-levels from that assemblage. Bray-Curtis dissimilarity analyses 266
indicate that Kanthyloma crusta is distributed non-randomly (insets Fig. 6C, D) . The very abundant 267
Eomunidopsis Vía Boada, 1981, and the less common Faksecarcinus Schweitzer et al., 2012, are 268 preferential host taxa, while Eodromites Patrulius, 1959, appears avoided by epicarideans ( Fig. 6C) No study has compared body sizes of parasitized versus non-parasitized fossil decapods of the 314 same taxon thus far. To that end, we examined two species of the Ernstbrunn Limestone assemblage 315
introduced above. Both the galatheoid Cracensigillatus acutirostris (Moericke, 1889) and the brachyuran 316
Goniodromites bidentatus Reuss, 1858, are abundant species in this assemblage, specimens of these taxa 317
are fairly well-preserved, and multiple specimens are infested, making them suitable target species. Using 318 digital calipers, the maximum width (without spines and without the additional width due to the parasitic 319 swelling) and maximum length (without the long, often incomplete rostrum for C. acutirostris) was 320 measured for all infested specimens where possible. For non-parasitized specimens, the same 321 measurements were taken for 43 and 36 randomly chosen individuals of C. acutirostris and G. bidentatus, 322
respectively. Length (L), width (W), and the geometric mean of length and width (√(L×W)) are used to 323 compare the sizes of parasitized and non-parasitized specimens for both species using a Mann-Whitney 324 test and a significance level of 5%. 325
For the geometric mean (Fig. 7) , the median size is significantly larger for parasitized specimens 326 of C. acutirostris (p = 0.008), while the median appears also larger for G. bidentatus, but not significantly 327 so (p = 0.057). Results are similar for the length (p = 0.030 and p = 0.060, resp.), but the median widths 328 are statistically larger for parasitized specimens of both species (p = 0.002 and p = 0.018, resp.). Larger 329 size classes contain a higher proportion of infested specimens, although sample size is limited for some 330 size classes (Fig. 7) . 331
For maximum size, the samples of non-infested specimens contain the largest specimen for both 332 species (see Fig. 7 ), but non-infested specimens are more numerous than infested specimens in both cases.
333
To test the effect of unequal sample size on the maximum size, bootstrap analyses without replacement 334
were carried out. The maximum size was determined 10,000 times from random sampling without 335 replacement from the pool of non-infested specimens with the total number of infested specimens for that 336 species as the number of specimens to be sampled from the pool of non-infested specimens. The 337 distribution of maximum sizes was then compared to the maximum size of the infested sample for both 338 species, with a p-value representing the chance of getting a larger non-parasitized specimen than the 339 largest parasitized specimen here. For both species, the maximum sizes of the infested specimens fall well 340 within the distribution of bootstrapped maximum sizes for non-infested specimens (p > 0.05, Fig. 8 ), 341
indicating that the maximum sizes of parasitized and non-parasitized taxa do not differ statistically.
343
How can the larger median size of infested specimens be explained for both species? We will 344 discuss the following hypotheses: (1) swellings in small specimens were not recognized, (2) parasitized 345 specimens represent a different assemblage consisting of larger specimens on average, (3) small 346 specimens with a swelling have a relatively low preservation potential compared to similar-sized 347 specimens that are not infested and/or small specimens have a lower preservation potential than large 348 infested carapaces, (4) the larger swollen specimens represented specimens of which the parasite was lost 349 at an earlier stage but the swelling remained present, (5) parasites have an equal probability of infesting 350 their host at any point during the life of the host, (6) parasites are more likely to infest larger hosts, (7) 351 complete or partial castration of the host leads to increased growth and/or longevity of parasitized hosts, 352
(8) juvenile hosts have a higher probability of dying than adult infested specimens, (9) parasites selected 353
for the larger sex within species, and (10) a combination of several factors.
354
It is unlikely that swellings in small specimens were not noted or were too small to be 355 distinguished from possible post-mortem deformations. We (AAK, CMR) studied specimens for 356 swellings with 10x magnification hand lenses and from different angles in case of doubt.
357
Not all specimens from the Ernstbrunn Limestone assemblage were collected in the same locality 358 and possibly the same stratigraphic level (see above), which may affect host size and parasite prevalence 359 (e.g., McDermott 1991 only ~100 m apart (Bachmayer 1945; Schneider et al. 2013) , the hypothesis that the parasitized specimens 364 represent a very different assemblage consisting of larger individuals appears unlikely.
365
No experiments have explored whether small corpses and/or molts containing a swelling have a 366 lower preservation potential than equally-sized specimens without a swelling. However, a galatheoid host 367
cuticle was much thicker on the swelling due to a thicker epidermis/connective tissue layer relative to a 368 non-infested conspecific, but the calcified layers were of equal thickness (Bursey 1978) . For non-infested 369 specimens, the decay rate of small specimens is not markedly different than in large specimens for most 370 marine arthropods, including brachyurans (Klompmaker et al. 2017 ). Thus, a relatively low preservation 371 potential for small specimens exhibiting Kanthyloma is unlikely to explain the larger size of infested 372
specimens. 373
Not all decapods exhibiting a swollen branchial region harbor an isopod parasite permanently, 374
with the isopod leaving the branchial region prior to the death of the host. Such occurrences, however, 375 cannot be identified in fossil specimens because the preservation potential for epicaridean isopods is low 376
(Klompmaker et al. 2017; Fig. 2 ). Decapods can lose the parasite during the molting phase either after the 377 death of the parasite or when the living parasite gets dislodged (e.g., Van Wyk 1982; Anderson 1990; 378 Somers and Kirkwood 1991; Cash and Bauer 1993; Roccatagliata and Lovrich 1999) , but the swelling in 379 the carapace can remain present even after a new molting phase for at least one molting cycle for a 380 porcellanid or even four to five cycles for a carid shrimp (Van Wyk 1982) . Such empty swellings can 381 dominate large size classes of infested specimens (Van Wyk 1982; Roccatagliata and Lovrich 1999) , but 382 they make up only a small portion of all specimens in those size classes (Van Wyk 1982; Cash and Bauer 383 1993; Roccatagliata and Lovrich 1999) . Conversely, no marked increase of empty swellings with 384 carapace size were found for a galatheoid (Wenner and Windsor 1979) and a porcellanid (Oliveira and 385
Masunari 1998). Thus, carapaces with these "ghost parasites" are unlikely to result in a substantial 386 increase in the median sizes of fossil specimens with swellings. 387
Regarding the timing of infestation, infestation of many modern decapods by bopyroids is 388
suggested to occur almost exclusively in juvenile hosts based on (1) (2) the observation that immature parasites are found in small hosts only (Van Wyk 1982; Oliveira and 393
Masunari 1998, both for a porcellanids), and (3) small specimens are shown to be more readily infested 394 than large specimens (Anderson 1990, for a carid shrimp). Consequently, swellings should be visible 395 early on in the life of infested decapod hosts and, all else being equal, the proportion of specimens that is 396
infested would remain about the same or decrease due to the adverse effects of parasitism on the host (see 397 above) as host size increases. Such patterns are indeed shown in papers that also report on parasite 398
prevalence per size class (e.g., Oliveira and Masunari 1998; Roccatagliata and Lovrich 1999; González 399 and Acuña 2004; Mantelatto and Miranda 2010; but see Román-Contreras and Romero-Rodríguez 2013) . 400
On the other hand, epicarideans can also infest their host throughout host ontogeny as shown by a 401
relatively weak or lack of correlation between parasite size (including immature specimens) and host size 402 (Brockerhoff 2004; Smith et al. 2008; Griffen 2009; Rasch and Bauer 2015) . Research using only mature 403 female parasites to test for an expected correlation between parasite size and host size (e.g., McDermott 404 1991; Roccatagliata and Lovrich 1999; Jordá and Roccatagliata 2002) should not be taken into account in 405
this case because all epicarideans should be used to assess the timing of infestation. All else being equal, 406
an increase in prevalence with host size is expected when infestation takes place throughout host 407 ontogeny or primarily in larger size classes. As this pattern matches the size-prevalence results herein 408 (Fig. 7) , infestation throughout ontogeny or preferential infection of larger specimens rather than solely in 409 juveniles can explain the larger median size of infested individuals. This hypothesis is consistent with the 410 lack of epicarideans in small host size classes in some studies (Mantelatto and Miranda 2010; Lee et al. 411
2016).
412
Castration may provide another explanation for the larger median size of infested specimens, if 413
the energy that would have been spent on host reproduction is directed toward growth of the host 414 specimen (cf. Poulin 2011: fig. 5 .7) instead of to the growth of the parasite and the parasite's reproductive 415 efforts. Host gigantism may be (1) a strategy of the parasite because parasite fecundity is positively linked 416
to host size and host survival may perhaps be improved or (2) render the castration hypothesis unlikely.
428
A larger median size of infested individuals may be explained by young hosts having a higher 429 probability of dying than older infested specimens, particularly when a branchial swelling has yet to form 430 in small specimens. For those that do survive, a swelling may appear only in larger size classes. High 431 mortality of primarily young hosts infested by a bopyrid is known for a carid shrimp during the one-to-432 two-week endoparasitic stage before becoming ectoparasitic in the gill chamber (Anderson 1990) . 433
Mortality of infested vs non-infested individuals was equal after five weeks (Anderson 1990), but 434 specimen sizes were not provided. Others also hinted at a high mortality of young, infested individuals 435 (Roccatagliata and Lovrich 1999; Lee et al. 2016) . As little is known about how much time it takes for an 436 epicaridean to cause a swelling in small and large hosts, it is difficult to further evaluate this hypothesis. 437
Selection of the larger sex of a species, which would have a positive effect on parasite fecundity 438 (see above), could result in a larger median size for infested specimens. For a galatheoid, Petrić et al.
439
(2010) found that the larger male specimens were infected more frequently despite being less common. 440
Our analysis of Petrić et al's data indicates that males are significantly more infested than females (χ 2 = 441 4.7, p = 0.03). Beck (1979) Phosphatized stalked peritrichid ciliates (Ciliophora) have been found attached to ostracods within an 496
Early Triassic ammonoid from Svalbard (Spitsbergen) (Weitschat and Guhl 1994). The specimens were 497 up to 0.2 mm long and attached to the inner part of the shell and on the epipodal appendages. These 498 specimens were not considered parasitism in the strict sense because the specimens were filter feeding 499 rather than feeding directly on the host (Klompmaker and Boxshall 2015) . More specimens may only be 500 found in Konservat-Lagerstätten. 501 502 5. "Pentastomids" on ostracods 503 504
Four 1-4 mm long specimens identified as Pentastomida associated with a Silurian ostracod were 505
reported from the Herefordshire Lagerstätte in England (Siveter et al. 2015) . Whether these specimens 506
represent true pentastomids was called into question (De Baets et al. 2015; De Baets and Littlewood 507 2015; Klompmaker and Boxshall 2015) . A re-evaluation rejects a pentastomid affinity because the snout 508 and trunk are in different planes, unlike for true pentastomids in which they are in the same plane; the 509 paired limbs are proportionally longer than in extant pentastomids; and no apical hooks were found, a 510 feature characteristic of true pentastomids (Boxshall and Hayes in press). Regardless of the taxonomic 511 identity, two specimens occurred jointly on the carapace, suggesting that these specimens may not have 512 been nutritionally dependent on the ostracod (not parasitism in the strict sense), but two others were found 513
within the ostracod at the position of the gills near eggs, and may have fed on eggs (parasitism). 514
Specimens were identified as adults, suggesting that the ostracods may have served as the final host 515
( Siveter et al. 2015) . 516 517
6. Modern evidence with preservation potential 518 519
Many modern crustaceans serve as hosts of parasites sometime during the life cycle of parasites, but most 520 are unlikely to be found in the fossil record (e.g., Klompmaker and Boxshall 2015) . The reasons are: (1) 521 the parasite does not leave a (recognizable) trace (e.g., Vannier and Abe 1993, for ostracod hosts); (2) the 522 parasite is unlikely to be found as body fossils associated with the crustacean host because the parasite 523 has a low preservation potential and/or is extremely small (e.g., Boxshall and Lincoln 1983, for 524 tantulocarid parasites on other crustaceans); and/or (3) Second, Hosie (2008: fig. 12A ) showed a barnacle Smilium zancleanum (Seguenza, 1876), with 538 swelling up to 1 cm made by a cryptoniscoid isopod. The swellings are located in the muscular peduncle 539 or at the base of the capitulum, where they can cause a disruption in the alignment of plates. Exceptional 540 preservational circumstances are necessary for such swellings to preserve in the fossil record. 541
In addition to small (0.02-0.40 mm) hooks of likely platyhelminth (?Monogenea) origin found in 542
fish, platyhelminth hooks have also been found in association with two crustacean specimens from the Serrano-Sánchez M de L, Nagler C, Haug C, Haug JT, Centeno-García E, Vega FJ (2016) The 919 first fossil record of larval stages of parasitic isopods: cryptoniscus larvae preserved in
